Iron based soft magnetic alloys with various metallic and non-metallic additions are of great interest due to excellent properties exhibited by these materials [1] [2] [3] . The main application of these materials are located in cores of modern electrical devices like chokes, coils and high power transformers, where they work under varying magnetic field. For this reason, they must meet special requirements, that will allow to reduce magnetic reversal losses, giving a rise to efficiency.
Typically for the production of a material having good soft magnetic properties [4] [5] [6] [7] especially low coercivity and low core losses, the rapid solidification of melted alloy technique is used [8] . This results in obtaining of material that is characterized by lack of long range order and which has good magnetic homogeneity. This homogeneity is a one of main contributions to the excellent soft magnetic properties. It is well known, that amorphous materials exhibit low magnetic anisotropy constant, which indicate that less external energy is needed to rotate the magnetic vectors. This is a consequence of random (or heavily disordered) nature of the atomic arrangement in amorphous solids [9] . Additionally, differently than for crystalline materials amorphous structure tends to random distribution of the orientation of atomic magnetic vectors, which leads to lack of magnetic easy axis. Another important aspect of modern soft magnetic materials is to minimize the coercivity field, which essentially depends on the anchoring of domain walls during magnetization process. Anchoring of the walls takes place in a similar manner as in cr ystalline materials, where mainly responsible for this process are structural defects and inhomogeneities [10] . Therefore, defects should be eliminated by proper thermal treatment.
Amorphous soft magnetic materials with low core losses and low coercivity suffer only for low magnetic saturation. In order to improve this parameter the nanocrystallization process is introduced. In this way, magnetic saturation can be enhanced, while still leaving other important parameters at fairly high level.
The paper presents results of structural and magnetic properties investigation of partially crystallized Fe62Co10Y8B20 and Fe61Co10Y8Cu1B20 alloys. Multicomponent bulk amorphous alloys exhibit a significant sensitivity to the composition changes. Even a small quantitative element substitution in composition of the initial alloy may lead to substantial changes in its various properties. Samples in form of thin plates were obtained by radial cooling method resulting in a complete amorphous structure material. Then, the one-step controlled heat treatment process led to partial crystallization of the sample causing the coexistence of amorphous matrix and embedded nanocrystalline phases. As shown in article, amorphous matrix has a noticeable influence on nano-sized grains resulting in a deformation of primary cell structure. Isothermal annealing process also had an impact on the magnetic properties of obtained samples, which was examined by the vibrating sample magnetometer (VSM).
Keywords: Amorphous materials, metals and alloys, Bulk metallic glasses, Computed tomography, microstructure, X-ray diffraction In this paper we introduce a small 1% Cu addition at the expense of Fe, while performing a heat treatment leading to nanocrystallization of the studied samples. The 1% of Cu addition should act as destabilizer lowering the crystallization temperature and activation energy of the first stage of crystallization [11, 12] .
Experimental part Material and procedures
In this work two samples of Fe 62 Co 10 Y 8 B 20 and Fe 61 Co 10 Y 8 Cu 1 B 20 compositions were prepared from high purity components (Fe -99.95%, 99.99% -remaining ingredients). For the preparation a two step procedure was used. In a first step all ingredients were melted and freely solidified together in a plasma arc furnace under protective atmosphere of argon. Resulting ingots were melted several times to provide a good mixing of constituents and uniform samples homogeneity. Then, in a second step ingots were melted by induction furnace also under protective atmosphere of argon, and then injected into copper watercooled mold. Thus prepared amorphous samples were examined by XRD diffractometer (Bruker D8 Advance, Cu-Kα, 1.54 Å), VSM sample magnetometer (LakeShore, model 7301) and then subjected to thermal annealing in 927 K for 900 s. The heat treatment parameters were selected based on DSC experiment so as to heat the samples slightly below cr ystallization temperature. Quantitative Rietveld phase refinement was performed using Fullprof software. The fit was performed using: scale factor, unit cell and additional background parameters. A shifted background polynomial with 5 parameters was used to refine the background signals. A pseudo-Voigt function described the peak shapes. to 50 o . The lack of sharp narrow peaks indicates that there is no long range order present in studied samples.
Results and discussions
XRD patterns of samples after isothermal annealing in 927 K for 900 s are shown in figure 2 .
As can be seen in figure 2 a relatively narrow peaks with different intensities appeared in coexistence with amorphous blurred halo. The presence of peaks in the diffraction patterns shows the emergence of X-ray reflecting planes, which are associated with the presence of long-range order. It means, that structure of the sample consists of crystalline phases together with amorphous phase. In fact, that kind of XRD pattern is characteristic to nanocr ystallites embedded in amorphous matrix. Individual peaks were identified and attributed to the three phases α-Fe, Fe 5 Y and Fe 17 Y 2 using as reference PDF2 database. In each case, the peak positions (derived from the individual phases) are slightly shifted relative to the pure cr ystalline phases. As the stresses within the amorphous matrix are significant, they affect the embedded grains. Next, the average grain size was calculated using modified Sherrer equation [13] : (1) where β is the function: (2) and: e -is the factor of lattice deformation, D -represents the grain size (perpendicular to hkl), θ -is the Bragg angle, B -is the width of reflex of the studied sample, b -is the width of the reference sample and λ -is the radiation wavelength.
The data from calculation of average grain size are summarized in table 1.
As can be seen, in general, grain size distribution is similar in both cases with the exception of α-Fe phase in Fe 61 Co 10 Y 8 Cu 1 B 20 where the grain size is nearly twice as bigger. This is also visible in XRD pattern where the intensity of the peak near 45 o is higher in the case of sample with Cu addition. This increase in intensity can be also related to increase in quantity of α-Fe phase. To check this possibility a Rietveld refinement was performed and data obtained from share analysis are summarized in table 2.
The mutual share of identified phases differ significantly between studied samples. Despite the same conditions of annealing process it is clear, that crystallization dynamics are different leading to different mutual share of crystalline phases.
In order to determine the influence of the amorphous matrix on the embedded grains a refinement of unit cell was carried out and the results are shown in table 3.
The analysis of data contained in table 2 reveals that in contrast to Fe 62 Co 10 Y 8 B 20 sample, in Fe 61 Co 10 Y 8 Cu 1 B 20 there are no significant changes of elementary cell parameters. Also, in both samples the α-Fe phase practically didn't changed.
Next, the influence of Cu addition on the magnetic properties were examined by measurements of static hysteresis loops for both samples before and after isothermal annealing process (figs. 3 and 4). As can be seen in table 4, both samples significantly worsen their soft magnetic parameters.
The isothermal annealing process lead to nanocrystallization. Grains significantly influenced the magnetic parameters of investigated alloys giving a rise both to magnetic saturation and coercivity. Crystalline phases that have arisen in the samples with the exception of α-Fe are considered as metastable semi-hard magnetic phases. According to the literature, seeds of Fe 17 Y 2 and Fe 5 Y phase nucleate at relatively high temperature [14] . The decomposition of γ-Fe phase at 1173 K enables growth of Fe 5 Y and then with the decrease in temperature it competes with emerging Fe 17 Y 2 and α-Fe phases. Fe 61 Co 10 Y 8 Cu 1 B 20 sample initially had better magnetic parameters which indicates that a small addition of Cu has a positive effect on this material in a amorphous state. At the same time this addition apparently made possible for grains in the material to grow larger [11, 12] . The deterioration of coercivity field in all cases is related to relative big size of grains which are becoming anchoring sites and additionally introducing magnetic anisotropy [15] [16] [17] . Despite the fact that in the Fe 61 Co 10 Y 8 Cu 1 B 20 sample there is a much bigger share of soft magnetic α-Fe phase, simultaneously the grains size of this phase are largest, deteriorating magnetic characteristics. The influence of amorphous matrix on nanometric grains in case of sample with Cu addition is negligible, probably due to their relative large size. In the case of Fe 62 Co 10 Y 8 B 20 sample, the matrix has noticeable influence on elementary cell parameters.
Conclusions
By the use of radial cooling method an amorphous samples were obtained and then subjected to a nanocrystallization process. This resulted in grains of nanometric sizes, where the average size of largest exceeded 60 nm. Cu addition changed crystallization dynamics resulting in different mutual share of the crystalline phases and their grains sizes. The emergence of semi-hard phases considerably worsen soft magnetic properties.
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